Two typical rural water utilities in Beijing, China were chosen to describe the principles and applications of water safety plans (WSP), to provide a methodological guide for the actual application and improve the quality of rural drinking water quality, and to establish an appropriate method for WSP applied in rural water supply. Hazards and hazardous events were identified and risk assessment was conducted for rural water supply systems. A total of 13 and 12 operational limits were defined for two utilities, respectively. The main risk factors that affect the water safety were identified in water sources, water processes, water disinfection systems and water utility management. The main control measures were strengthening the water source protection, monitoring the water treatment processes, establishing emergency mechanisms, improving chemical input and operating system management. WSP can be feasibly applied to the management of a rural water supply.
INTRODUCTION
A high quality and reliable supply of safe drinking water is the foundation of a healthy society and its economic development. Strengthening the management of water utilities is an important safeguard to ensure continued provision of safe drinking water for people (UNEP ). Hazard analysis critical control point (HACCP), qualitative microbial risk assessment (QMRA), and water safety plans (WSP) are effective measures to safeguard water supply safety. The HACCP, a quality management system applied in the food industry and established by the US National Aeronautics and Space Administration (NASA) in the 1960s, involves hazard analysis of food and critical control point monitoring (Kumagai et al. ) . QMRA is the process for estimating risk from exposure to microorganisms by combining doseresponse information for the infectious agent with information on the distribution of exposures (Haas ) . WSP, as promoted by the World Health Organization (WHO) in the third and fourth editions of 'Guidelines for Drinking Water Quality' (WHO , ), are tools that allow for proactive measures to ensure safety of drinking water supply using risk assessment and risk management approaches. The WSP is based on an established HACCP concept with special focus on water. QMRA can be used in the WSP system assessment to determine whether treatment is meeting health-based targets with the required level of certainty. The primary objective of a WSP is to minimize contamination of water sources, and prevent or remove contamination during treatment, storage, and distribution of water supplies (Vieira ) . These objectives are equally applicable to large water supply systems, smaller community-managed water supply systems, and individual household water supplies as well. b; Mouchtouri et al. ) . In China, some studies have been conducted on application of a WSP approach to water supply plants (Ren ; Zhang et al. ) . However, the detail on how to generate a WSP is lacking (Summerill et al. b) , and there is limited evidence available demonstrating the effectiveness of WSP on water quality and health (Gunnarsdóttir et al. a) . Furthermore, in developing countries, WSP are often applied in urban water supplies but there are only few applications in water supplies of rural areas (Howard et al. ) . The objective of this paper is to describe the principles and applications of WSP, to provide a methodological guide for actual application, and to demonstrate the effectiveness of WSP on improving the quality of rural drinking water supplies.
MATERIALS AND METHODS

Study area
The access to safe tap water in Beijing rural areas is a top priority in China. Investigating drinking water safety in rural
Beijing provides a perfect model for investigating rural drinking water safety in other areas of China. Thus, two typical water utilities in rural Beijing were selected to study the application of WSP management tools. Figure 1 shows the location and Table 1 the information for selected water utilities. Both utilities have complete water treatment processes, complete water utility monitoring and maintenance information and are operated by professional technical and management staff. The staffs of both utilities are aware of health and safety risks associated with plant operation and management.
Methods
The WSP for this study was developed following the WHO guidelines (Bartram et al. ) 
and in collaboration with
Beijing Municipal Bureau of Health and Beijing Water Group Company. Figure 2 presents the main methodological steps applied in the WSP study (Mouchtouri et al. ) .
System assessment, operational monitoring, and management plans are the three key components of the WSP.
Establishing the team
Appropriate implementation of WSP offers an important opportunity to engage in and promote preventative risk management within water utilities. To ensure success, the whole organization, especially organizational culture and leadership in water safety plan implementation, needs to be the advocate (Summerill et al. a 
System description
Description of water systems was carried out by the examination of basic materials and on-site inspection. Basic materials included the frame chart for water utility management, components of water treatment systems (intake information, water treatment process, storage tanks, and water distribution networks, etc.), the rule and regulation of water utilities, emergency reserve, staff training, power and water process device management, user complaints and customer satisfaction surveys. On-site inspection included item-by-item audits of the water supply system.
System assessment
A number of hazards and hazardous events may occur at any step in the water supply system. Hazards are defined as physical, biological, chemical, or radiological agents that can cause harm to public health (Bartram et al. ) . A hazardous event is defined as an event that introduces hazards to, or fails to remove them from, the water supply Table 2 ). The risk levels were divided into: very high (>15), high (10-15), medium (6-9), low (<6). All risks should be documented in the WSP and be subject to regular review even when the likelihood is rare and the risk rating is low.
Based on the water safety plan manual requirements (Bartram et al. ) , all potential hazards were considered and those that constituted a significant risk to drinking water quality were established. How each of these risks was controlled and whether the controls were adequate were considered too. The existing control measures, risk assessment, and risk optimization were recorded and reassessed for their effectiveness.
Operational monitoring
Operational monitoring includes defining and validating the Online monitoring is in strict accordance with the requirements for water quality monitoring and is organized by the members of the working group. Non-online monitoring is in accordance with the provisions for other risks to complete the rectification work. Monitoring and evaluation of results provide monitoring for the results reporting system.
Checking if the controls are working correctly is very important in operational monitoring. Daily or weekly checks were carried out to make sure that the operator was following the operating procedures. These checks are the most important as they ensure that the main line of defense is secure in providing safe drinking water. Table 3 shows several water quality indices monitoring results before the WSP. Compliance percentages of certain parameters will change by operational monitoring measures. 
Verification
Laboratory sampling and analysis were conducted to verify controls were working accurately. These included microbiological and chemical sampling and quality assurance and quality control analysis. The water quality laboratory plays an important role in the WSP and monitors the water quality of all aspects of the production processes.
RESULTS
Water system assessment parameters, which were agricultural fertilization surrounding the water source, lack of data for water sources, treated water, and pipe water, and no health permit for disinfection of equipment, were characterized as medium risks. 
Verification results
As shown in Table 8 . Compared to the water quality before WSP, compliance percentages of total bacterial counts and total coliform counts were improved by protection of water source and strengthening of water disinfection.
Nitrite nitrogen compliance percentage was improved by 
CONCLUSIONS
Two typical rural water utilities in Beijing were selected in order to establish an appropriate method for WSP applied in a rural water supply. The method developed following the WHO guidelines and in collaboration with the actual status of rural water utilities was an effective and appropriate method.
Based on the system description and risk assessment, hazard or hazardous events that affected water quality were found in each rural water utility. Fourteen and 13 parameters were taken into consideration for risk assessment of Plant A and Plant B, respectively. Of the 27 parameters evaluated, five parameters were assessed as medium risk, 18 parameters high risk, and two parameters that the laboratory did not run as very high risk. According to the results of the risk assessment, the appropriate control measures and management system were developed.
The verification result shows that water quality after the WSP was better than that before WSP and high customer satisfaction also increased when WSP was implemented.
Compliance percentages of certain parameters such as microbiological indicator parameters, nitrite nitrogen, free chlorine, etc. were effectively improved by the improvement in monitoring procedures and methods. Results show that a WSP can be an important instrument in improving water quality, reducing the occurrence of waterborne illnesses, and improving public health. 
